Unveiling the Nature of Charge Carrier Interactions by Electroabsorption Spectroscopy: An Illustration with Lead-Halide Perovskites by Bouduban, Marine E. F. et al.
Laureates: Junior Prizes of the sCs faLL Meeting 2016 CHIMIA 2017, 71, No. 4 231
doi:10.2533/chimia.2017.231 Chimia 71 (2017) 231–235 © Swiss Chemical Society
*Correspondence: M. E. F. Bouduban
Photochemical Dynamics Group
Institute of Chemical Sciences & Engineering, and
Lausanne Centre for Ultrafast Science
École polytechnique fédérale de Lausanne
CH-1015 Lausanne
E-mail: marine.bouduban@epfl.ch
Unveiling the Nature of Charge Carrier
Interactions by Electroabsorption
Spectroscopy: An Illustration with
Lead-Halide Perovskites
Marine E. F. Bouduban
§
*, Andrés Burgos-Caminal, Joël Teuscher, and Jacques-E. Moser
§
SCS-DSM Award for best poster presentation in Physical Chemistry
Abstract: Unravelling the nature of the interactions between photogenerated charge carriers in solar energy con-
version devices is key to enhance performance. In this perspective, we discuss electroabsorption spectroscopy
(EAS), as the spectral bandshape of the electroabsorption (EA) signal directly depends on the strength of the
charge carrier interactions. For instance, the electroabsorption response in molecular or confined excitonic sys-
tems can bemodelled perturbatively yielding the Stark effect. In contrast, most solids exhibit weaker interactions,
and a perturbative approach cannot be taken in general. For solids with negligible charge carrier interactions, one
resorts to the Franz-Keldysh theory of a continuum in a field, that, in the low-field limit, simplifies to the low-field
FKA effect. Alternatively, when the continuum approximation breaks down, the problem of a Wannier exciton in
a field has to be solved, and numerical methods emerged as the best solution. We illustrate our discussion with
two examples involving lead-halide perovskites, a new, high-stake solar cell material. In the first example, we
discuss the lineshape of the electroabsorption response for thin-films of lead-iodide perovskite, that sustains the
photogeneration of free carriers. In the second example, we address a confined excitonic case with lead-bromide
perovskite nanoparticles, and demonstrate the presence of so-called charge-transfer excitons.
Keywords: Charge carrier interactions · Electroabsorption · Lead-halide perovskites · Photovoltaic devices ·
Spectroscopy
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1. Introduction
1.1 Electroabsorption Spectroscopy
Applied to Photovoltaic Systems
Charge pairs of opposite sign are cre-
ated upon absorption of light in semi-
conducting materials. Conduction band
electrons and positive holes in the valence
band constitute mobile charge carriers.
Within the field of photovoltaics, photo-
generated transport mechanisms, the pos-
sible involvement of trap sites, and the
dynamics of interfacial carriers lie at the
focus of attention, as their fate directly de-
termines the performance of solar energy
conversion devices. In such a context, two
questions are of particular interest: the first
one relates to the nature of the interaction
between light-induced charges. These can
stand as free independent carriers, corre-
lated electron-hole pairs with different de-
grees of interaction, and Coulomb-bound
states, such as excitons. The second ques-
tion addresses the motion of photocarriers
within and between the materials consti-
tuting photovoltaic devices. This includes
various charge transfer at donor–acceptor
heterojunctions.
Various methods exist that can probe
the nature of the interaction and the
transport of photogenerated charge car-
riers. Among them, a particularly inter-
esting combination involves Transient
Absorption Spectroscopy (TAS), and
Electroabsorption Spectroscopy (EAS),
along with its time-resolved exten-
sion (Time-Resolved Electroabsorption
Spectroscopy, TREAS). The well-estab-
lished TAS technique is particularly useful
to monitor the kinetics of interfacial charge
transfer processes. Alternatively, EAS al-
lows to determine the strength of the inter-
action between photogenerated carriers by
lineshape analysis, while the newly-devel-
oped TREAS technique affords a handle
for real time monitoring of the separation
of photocarriers in materials submitted to
an electric field. EAS and TREAS have
been successfully applied to scrutinize
the dynamics of photocarriers in small
molecule- and conjugated polymer-based
organic photovoltaic (OPV) systems.
[1–3]
They are currently believed to constitute
very powerful tools for the study of another
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moment and polarizability changes upon
the optical transition of interest (0 → k).
As the first term is linear in the field,
it cancels out for isotropic samples. As a
result the response of a molecular or con-
fined excitonic system subjected to an
electric field is quadratic in the field in-
tensity |E| (quadratic Stark effect). In ad-
dition, it can be decomposed into a linear
combination of first and second derivatives
of the linear absorption spectrum, whose
relative weight provides direct insight into
the type of photogenerated carriers. Light
absorption by charge-transfer (CT) exci-
tons, occurring from the Coulomb interac-
tions of an electron and a hole separated by
an interface, for instance, is characterized
by a change in the permanent dipole mo-
ment. The contribution of these CT states
to the electroabsorption response can, thus,
be directly inferred from the weight of the
second-derivative term.
1.2.2 Electroabsorption of Solids
In the case of solids, the assumption of
a small perturbative applied field cannot
be made generally, as the electrostatic in-
teractions are overall significantly smaller
than for the confined case, rendering the
use of a perturbative solution highly inap-
propriate. In addition, a general solution
for solid-state systems is a tricky problem,
as the level of classical correlation of the
electron-hole pairs, i.e. the amplitude of
the Coulomb interaction, varies signifi-
cantly from one system to another. This
variation indeed depends on the intrinsic
properties of the solid-state system of in-
terest, such as the nature of its chemical
bonds and, hence, its electric suscepti-
bility (related to the dielectric constant),
which directly determines to which extent
electron–hole pairs are correlated. For ex-
ample, ionic solids exhibit a weaker wave-
function overlap and are characterized by
a wider bandgap and a lower susceptibility
than their covalent analogs.
[26]
From the above, a broad spectrum of
interactions emerges, starting with the sim-
plest model to describe a solid-state sys-
tem: a continuum of single-particle states
where electrons and holes are by definition
uncorrelated. Then, if from this point, we
adiabatically switch on the correlation, we
progressively move towards the other ex-
treme of this spectrum where lies the ex-
citon, the bound-pair state solution to the
Wannier equation.
The problem of a continuum in an elec-
tric field has been tackled by Franz and
Keldysh in the 1950s.
[27–29]
They showed
that the resulting eigenfunctions were not
plane waves butAiry functions, accounting
for the observed electroabsorption signals,
scaling as |E|
-2/3
and involving both a red-
shift (photon-assisted tunneling between
bands) and oscillations above the band
unravel the character of photogenerated
carriers, focusing on lead-halide perovskite
systems that are relevant for photovoltaic
applications.
1.2 Electroabsorption
Spectroscopy: Background and
Embodiment from Molecular to
Solid-state Physics
Electroabsorption spectroscopy be-
longs to the family of the ‘differential’
techniques, where the signal is defined as
the difference between the optical proper-
ties of a sample in presence and in absence
of a perturbation. In the present case (Eqn.
(1)), the perturbation is an externally ap-
plied or photoinduced (local) electric field,
and the signal monitored at a wavelength λ
is defined as an absorbance change ∆A(λ):
ΔA(λ) = A
field
(λ) – A
no field
(λ)
(1)
It emerges that the spectral shape and am-
plitude of the electroabsorption signal is di-
rectly related to the response of the sample
upon application of a field. When an elec-
tric field is applied on a quantum system,
it induces a reorganization of its electronic
density and hence a modification of the
nuclear configuration, ultimately modify-
ing the electronic structure.
[24]
As a con-
sequence, the electroabsorption response
could be obtained theoretically by solving
the delicate problem of a quantum hydro-
genic system in a field, for which no ana-
lytical solution exists. The functional form
of the solution is thus highly dependent on
the type of approximation employed, and
hence this response will differ tremendous-
ly when considering a solid or a molecular
system.We briefly survey these two differ-
ent cases in the following sections.
1.2.1 EAS of Molecules or Confined
Excitonic States
In the context of molecules or confined
excitonic states, the Coulomb interaction
within the hydrogenic model is large, and
the applied electric field can be considered
negligible. As a consequence, one can re-
sort to a perturbative solution, that is, the
response of the system of interest in the
field can be modelled in the framework
of Stark theory. The absorbance change
is then given by a perturbative expansion
(Eqn. (2)):
[25]
ΔA(λ) = –
∂A(λ)
∂λ
⋅m
0k
⋅E –
1
2
⋅
∂A(λ)
∂λ
⋅
p
0k
⋅E
2
+
1
2
⋅
∂
2
A(λ)
∂λ
2
⋅ (m
0k
⋅E )
2
,
(2)
where E denotes the externally applied
vectorial field, while m
0k
and p
0k
respec-
tively correspond to the permanent dipole
class of compounds of interest: lead-halide
perovskites.
[4]
The term perovskite originally desig-
nated calcium titanate CaTiO
3
and is now
generalized to all compounds that exhibit
an ABX
3
crystal structure in the form of
corner-sharing BX
6
octahedra with inter-
stitial A cations for charge neutralization.
In the context of lead-halide perovskites,
B≡Pb
2+
, X≡Cl
–
, Br
–
, or I
–
andA is an (in)or-
ganic cation, such asCH
3
NH
3
+
, CH
2
(NH)
2
+
,
Cs
+
, or Rb
+
. These particular perovskites
constitute high-stakematerials, due to their
remarkable optoelectronic properties: their
application to solar cells (perovskite solar
cells, PSCs), LED devices and lasing have
led to outstanding performances.
[5–16]
Such
a wide range of applications implies a wide
range of shapes and structure, and, indeed,
although mostly exploited in the form of
semiconductor thin-films, lead-halide
perovskites can be found as nanocrystals
or colloidal nanoparticles, retaining their
3D geometry, as well as quantum-con-
fined, 2D or quasi-2D layers.
In spite of important research efforts,
some of the key properties of perovskite
materials are still unclear. In particular,
the interactions between photogenerated
charge carriers and their involvement in
transport and recombination dynamics
are yet to be completely understood. For
instance, transient absorbance signals re-
corded with perovskite thin-films exhibit
excitonic signatures, in accordance with
what one would expect from an ionic
semiconductor (Pb–X bonds (X = Cl, Br,
I) have only a weak covalent character).As
excitons are neutral quasiparticles formed
through the Coulomb interaction between
an electron and a positive hole, this elec-
trostatic interaction is indeed expected to
be stronger in ionic media that are char-
acterized by a low dielectric constant.
Conversely, the electronic polarizability
of covalent solids generally results in a
high electric susceptibility and an efficient
screening of the Coulomb interactions
between carriers. Now, numerous studies
have yielded values of the exciton binding
energy in perovskites and, although results
show a great variability, they all converge
to surprisingly low values of 2–60 meV
for CH
3
NH
3
PbI
3
and up to 150 meV for
CH
3
NH
3
PbBr
3
,
[17–23]
indicating that mostly
free carriers are generated at room temper-
ature. In addition, it has been shown that
the precise character of the photogenerated
carriers, as well as the ratio of free carri-
ers to bound electron-hole pairs are highly
dependent upon the nanostructuring of the
material.
In the following, we briefly review the
context of the electroabsorption response,
that is the optical behavior of a physico-
chemical system submitted to an electric
field. We then explain how EAS can help
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nanoplatelets of various thicknesses.
[43–47]
The latter are denominated ‘quasi-2D’ (q-
2D), as they exhibit a quasi-two-dimen-
sional structure comprising several (3–5)
layers of perovskite unit cells, stabilized
by a capping layer of octylammonium cat-
ions. Each of these nanostructures exhib-
its a unique optical signature, observable
from their absorbance spectrum as shown
in Fig. 2.
Ultrafast transient absorption experi-
ments were performed with the colloidal
suspensions. The obtained time-resolved
spectra revealed strong oscillations on the
blue side of the spectrum on top of the ex-
pected bleaching feature at the wavelength
a majority of photocarriers are actually
free. This finding is further supported by
the calculation of carriers reduced mass
and Elliott’s function-based exciton bind-
ing energy and band gap yielding values
in close agreement with other experimental
and theoretical results.
As a second example, we now ad-
dress the case of confined excitons in
CH
3
NH
3
PbBr
3
perovskite nanoparticles
suspended in chlorobenzene. The prepa-
ration of these colloids in the presence of
octylammonium surfactant cations yields
a broad distribution of nanostructures
composed of bulk-like tri-dimensional
perovskite spherical nanoparticles and
edge. Interestingly, experiments originally
carried out on GaAs
[30–35]
have revealed a
different field-dependence in the limit of
low field intensities. In this case, the elec-
troabsorption signal scales as |E|
2
, similar-
ly to the Stark effect and is modeled by the
so-called low-field Franz-Keldysh-Aspnes
(FKA) effect. Importantly, while the Stark
effect is determined by a combination of
first and second derivatives of the absorp-
tion spectrum, the low-field FKA effect
appears to depend upon its third derivative.
The continuum model breaks down
when the electron–hole interaction be-
comes significant, ultimately leading to the
formation of so-called Wannier-Mott exci-
tons. This calls for other theoretical treat-
ments, namely the excitonic electroab-
sorption theories. As stated before, no ana-
lytical solution exists for the Schrödinger
equation of aWannier exciton in an electric
field, and excitonic electroabsorption theo-
ries rely on two different approaches: they
either resort to approximations (for ex-
ample to model the external potential) to
go back to an analytically solvable prob-
lem
[37,38]
or focus on the development of
numerical resolution routines.
[26,36,39–42]
2. Unravelling the Properties of
Photocarriers using EAS:
An Experimental Illustration with
Lead-halide Perovskites
The various types of electroabsorption
response described in the previous section
exhibit well-defined field-dependences.
Their spectral bandshapes also differ:
For instance, the Stark effect is character-
ized by an EA spectrum, which displays
a mixture of first- and second-derivatives
of the absorption spectrum, while the low-
field FKA effect corresponds to the third
derivative. As a consequence, a spectral
bandshape analysis of the electroabsorp-
tion signal constitutes a probe of the degree
of correlation between photocarriers, and
hence, of the type of charged particle or
quasiparticle involved.
As a first example, we consider the
case of lead-iodide perovskite thin-films.
A typical electroabsorption spectrum for
such a system is shown by Fig. 1. This EA
response has been previously assigned to
a quadratic Stark effect, thus arising from
the presence of confined excitons.
[43]
However, such an assignment is ques-
tionable, notably due to the detailed work
by Ziffer et al., in which EAS of thin-
film of methylammonium lead-iodide
perovskite was carried out.
[36]
In this con-
text, it was shown that the obtained EA
response at room temperature was better
described by the low-field FKA model.
This observation is compatible with a low
exciton binding energy and indicates that
0.5
0.4
0.3
0.2
A
b
s
o
r
b
a
n
c
e
/
-
600550500450400
Wavelength / nm
Fig. 2. Absorption spectrum of a colloidal suspension of CH
3
NH
3
PbBr
3
perovskite nanoparticles in
chlorobenzene.
Fig. 1. Electroabsorption spectrum of a 300 nm-thick film of CH
3
NH
3
PbI
3
perovskite submitted to
an externally applied electric field of intensity |E| = 0.70 ± 0.05 × 10
5
V cm
–1
. Inset: Absorptance
spectrum of a 300 nm-thick film of CH
3
NH
3
PbI
3
.
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The electroabsorption signal, then,
appears to be clearly dominated by the
second derivative of the linear absorption
spectrum, whose amplitude is given by the
change in permanent dipole moment m
ok
occurring during the optical transition (see
Eqn. (2)).
This last finding is of great impor-
tance, as it allows to determine which type
of photocarriers originated the EA signal.
Contrary to free carriers and Frenkel and
Wannier-Mott excitons, interfacial charge-
transfer (CT) excitons exhibit a permanent
dipole moment.
[24]
The observed EA sig-
nal, therefore, evidences the presence of
CT states at the interface between nano-
structured domains constituted by individ-
ual q-2D platelets and 3D particles. This
is not only interesting from a fundamental
perspective but it has also an important
implication for the photovoltaic applica-
tion, as the understanding of inter-domain
interactions within multigrain perovskite
films, as well as carrier trapping and re-
combination within CT excitons is key to
the optimization of PSCs photovoltaic per-
formances.
3. Conclusion
The two examples discussed here, lead-
iodide perovskite thin-films and perovskite
nanoparticles, illustrate how a simple spec-
tral bandshape analysis of the electroab-
sorption response allows useful insights to
be gained into the photogenerated carriers
and the strength of their interactions. In
the first case, the assignment of the room-
temperature EA signal to a low-field FKA
effect provides evidence towards the domi-
nance of free carriers shortly after photo-
excitation. In the second case, within the
framework of Stark theory, the observation
of a second derivative-dominated elec-
troabsorption signal in a transient absorp-
tion measurement on perovskite nanopar-
ticles endorses the presence of interfacial
charge-transfer excitons. In both cases, the
obtained outcomes are of great interest, as
they allow one step forward to be taken in
the understanding of the underlying photo-
physics in perovskite systems, paving the
way towards more efficient photovoltaic
devices.
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togeneration of carriers yielding localized
electric fields within each electron-hole
pair.
As discussed in Section 1, the differ-
ential electroabsorption response for con-
fined excitonic or molecular systems can
be modelled by Eqn. (2) (Stark theory).
The signal shown in Fig. 3A is best fitted
by a linear combination of first and second
derivative terms, corresponding to Eqn.
(3).
ΔA(λ) =
∂A(λ)
∂λ
+ 10 ⋅
∂
2
A(λ)
∂λ
2
(3)
λ = 525 nm. To shed light on the former
feature, which looks very much like the
first or second derivative of the absorption
spectrum of q-2D nanoplatelets over the
400–480 nmwavelength region, a transient
spectrum recorded at a time-delay of 2 ps is
shown in Fig. 3A, along with a simulated
differential electroabsorption spectrum
(Fig. 3B). The correspondence between the
measured and simulated differential spec-
tra allows to assign a significant part of the
transient optical features observed below
500 nm to a photoinduced electroabsorp-
tion phenomenon. Note that here, rather
than being due to an externally-applied
electric field, the EA results from the pho-
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Fig. 3. A) Modeled electroabsorption signal of a suspension of CH
3
NH
3
PbBr
3
nanoparticles in
chlorobenzene. Displayed is a superposition of the transient absorption spectrum recorded at a
time-delay of 2 ps (black line) and a simulated electroabsorption signal (blue line) corresponding
to Eqn. (3). B) Linear absorption spectrum of CH
3
NH
3
PbBr
3
nanoparticles (black solid line) togeth-
er with its first (dashed line) and second (dotted line) derivatives. The best fitted model (blue line)
is obtained as a linear combination of first and second derivatives with Eqn. (3).
A)
B)
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